Recent studies have clarified that endogenous cannabinoids (endocannabinoids) are released from depolarized postsynaptic neurons in a Ca 2ϩ -dependent manner and act retrogradely on presynaptic cannabinoid receptors to suppress inhibitory or excitatory neurotransmitter release. This type of modulation has been found in the hippocampus and cerebellum and was called depolarization-induced suppression of inhibition (DSI) or excitation (DSE). In this study, we quantitatively examined the effects of postsynaptic depolarization and a cannabinoid agonist on excitatory and inhibitory synapses in rat hippocampal slices and cultures. We found that both DSE and DSI can be induced, but DSE was much less prominent than DSI. For the induction of DSE, the necessary duration of depolarization was longer than for DSI. The magnitude of DSE was much smaller than that of DSI. To explore the reasons for these differences, we tested the sensitivity of EPSCs and IPSCs to a cannabinoid agonist, WIN55,212-2, in hippocampal cultures. IPSCs were dichotomized into two distinct populations, one with a high sensitivity to WIN55,212-2 (50% block at 2 nM) and the other with no sensitivity. In contrast, EPSCs were homogeneous and exhibited a low sensitivity to WIN55,212-2 (50% block at 60 nM). We estimated that the 5 sec depolarization elevated the local endocannabinoid concentration to a level equivalent to several nanomoles of WIN55,212-2. Using CB1 knock-out mice, we verified that both DSI and DSE were mediated by the cannabinoid CB1 receptor. These results indicate that presynaptic cannabinoid sensitivity is a major factor that determines the extent of DSI and DSE.
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Marijuana influences various neural f unctions, with consequences including analgesia, modulation of locomotor control, and impairment of cognition and memory (Deadw yler et al., 1990; Heyser et al., 1993; Howlett, 1995) . These effects are thought to be mediated through the interaction of ⌬ 9 -tetrahydrocannabinol, the psychoactive component of marijuana, with specific cannabinoid receptors. These receptors belong to the seven transmembrane domain family of G-proteincoupled receptors and consist of type 1 (CB1) and type 2 (CB2) receptors (Matsuda et al., 1990; Munro et al., 1993) . Cannabinoid binding sites in the CNS (Herkenham et al., 1991) that correspond to the distribution of CB1 receptors are heterogeneous, with high levels in some regions, including the hippocampus (Matsuda et al., 1993; Tsou et al., 1998; Egertova and Elphick, 2000) . Thus, marijuana may act on hippocampal CB1 receptors and interfere with actions of their endogenous ligands. This would disrupt normal information processing in the hippocampus and thereby cause memory impairment.
Two putative endogenous ligands for cannabinoid receptors, anandamide (Devane et al., 1992) and 2-arachidonylglycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995 Sugiura et al., , 1999 , have been identified. These molecules are produced and released from neurons in a Ca 2ϩ -dependent manner Mechoulam et al., 1998; Piomelli et al., 2000) . Activation of cannabinoid receptors exerts variable effects, including inhibition of voltage-gated Ca 2ϩ channels, activation of inwardly rectifying K ϩ channels, and suppression of neurotransmitter release Felder and Glass, 1998) . Therefore, the endogenous cannabinoid (endocannabinoid) system is likely to play an important role in controlling neuronal excitability and synaptic transmission.
It was revealed recently that endocannabinoids mediate a form of activity-dependent modulation of synaptic transmission. Depolarization of a neuron induces a transient suppression of inhibitory input, a phenomenon called depolarization-induced suppression of inhibition (DSI) (Llano et al., 1991; Pitler and Alger, 1992; Ohno-Shosaku et al., 1998) . DSI is initiated postsynaptically by an elevation of cytoplasmic Ca 2ϩ concentration ([Ca 2ϩ ] i ) and is expressed presynaptically as a suppression of the transmitter release. Therefore, since the discovery of DSI, it has been thought that some retrograde signal must exist from the depolarized postsynaptic neurons to the presynaptic terminals (Alger and Pitler, 1995) . Recent studies have demonstrated that endocannabinoids mediate such retrograde signals at inhibitory synapses in both the hippocampus (Ohno-Shosaku et al., 2001; ) and the cerebellum (Kreitzer and Regehr, 2001b; Diana et al., 2002; Yoshida et al., 2002) . In addition, a phenomenon similar to DSI was found to occur at excitatory synapses [depolarization-induced suppression of excitation (DSE)] in the cerebellum that is also mediated by endocannabinoids (Kreitzer and Regehr, 2001a; Maejima et al., 2001) .
In the present study, we report that DSE can be induced in the hippocampus. Although both DSE and DSI are mediated by CB1 receptors, DSE was less prominent and required longer depolarization for the induction compared with the DSI. Our results suggest that presynaptic cannabinoid sensitivity is a major factor that determines the extent of depolarization-induced retrograde suppression.
MATERIALS AND METHODS
Slices. All experiments were performed according to the guidelines laid down by the animal welfare committees of Kanazawa University and the National Institute for Physiological Sciences. Hippocampal slices were prepared as described previously (Tsubokawa and Ross, 1997; Tsubokawa et al., 2000) . Young (10-to 12-d-old) rats were deeply anesthetized with ether and decapitated. The brains were quickly removed and hemisected on filter paper moistened with cutting solution of the following composition (in mM): 120 choline-C l, 3 KC l, 8 MgC l 2 , 1.25 NaH 2 PO 4 , 26 NaHC O 3 , and 20 glucose, equilibrated with 95% O 2 -5% C O 2 . Brain tissues containing the hippocampi on each side were dissected out and put into a cutting chamber filled with ice-cold cutting solution. These two blocks were sliced into 300 m sections transversely to their longitudinal axis with a microtome (Vibroslicer; C ampden Instruments, Lafayette, I N). The slices were immediately placed into a reservoir chamber filled with normal solution, incubated at 35°C for ϳ30 min, and then maintained at room temperature. In some experiments, hippocampal slices were prepared from the CB1 knock-out mice and wild-type mice by the same procedure as described above. The normal solution was composed of (in mM): 125 NaC l, 2.5 KC l, 2 C aC l 2 , 2 MgC l 2 , 1.25 NaH 2 PO 4 , 26 NaHC O 3 , and 20 glucose, bubbled with a mixture of 95% O 2 and 5% CO 2 , with a final pH of 7.4. For recording, a single slice was transferred to a submerged chamber mounted on the stage of an upright microscope (BX50W I; Olympus Optical, Tokyo, Japan). The slice was superf used continuously with the normal solution at room temperature (for experiments shown in Figs. 2 and 3 ) or regulated at 30 -32°C (Fig. 1) .
Electrical recordings were made from CA1 pyramidal cell somata in slices using patch pipettes pulled from 1.5-mm-outer diameter (o.d.), thick-walled glass tubing (1511-M; Friedrich & Dimmock, Melville, NJ). The pipette solution contained (in mM): 115 K-gluconate, 10 KC l, 10 NaC l, 10 H EPES, 2 Mg-ATP, and 0.3 GTP, pH adjusted to 7.3 with KOH. The open resistance of the pipettes was 5-7 M⍀. Whole-cell tight seals (Ͼ5 G⍀) were made on the soma under visual control with a 40ϫ water-immersion lens (Edwards et al., 1989) . C apacitance was f ully compensated by a patch-clamp amplifier (Axopatch 1D; Axon Instruments, Foster C ity, CA). The range of series resistance we accepted was 10 -15 M⍀. Bipolar stimulation electrodes constructed from Tefloncoated thin tungsten wire (50 m o.d.) were placed on the stratum radiatum to generate EPSC s and I PSC s. The membrane potential of neurons was held at Ϫ70 mV. The bath solution was supplemented with 10 M SR95531 or 10 M bicuculline methiodide for recording EPSC s and with 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX) and 50 M DL-2-amino-5-phosphonovaleric acid (APV) for recording I PSC s. C ells were identified as pyramidal neurons according to both electrical and anatomic criteria.
Cultures. Hippocampal cells were enzymatically (with trypsin) or mechanically dissociated from the hippocampus of newborn rats (1-2 d of age) and were plated onto culture dishes pretreated with poly-L-ornithine (0.01%). The cells were incubated in DM EM / F-12 medium (Invitrogen, San Diego, CA) supplemented with putrescine (0.1 mM), sodium selenite (30 nM), L-glutamine (1.4 mM), gentamycin (10 g /ml), insulin (5 g /ml), and fetal calf serum (10%). Cultures were maintained at 36°C in 5% CO 2 for 10 -14 d. For the experiments shown in Figure 8 , hippocampal neurons were cultured from the CB1 knock-out mice and wild-type mice by the same procedure. All experiments were performed at room temperature. The external solution contained (in mM): 140 NaC l, 2.5 KC l, 1 MgC l 2 , 2 CaCl 2 , 10 H EPES, and 10 glucose, pH 7.3 adjusted with NaOH. The bath was perf used with the external solution with or without drugs at a flow rate of 1-3 ml /min. The internal solution contained (in mM): 120 K-gluconate, 15 KC l, 6 MgC l 2 , 0.2 EGTA, 10 H EPES, 10 KOH, and 5 Na 2 ATP, pH 7.3 adjusted with KOH. In some of the experiments in which the sensitivity of synaptic currents to a cannabinoid agonist, W I N55,212-2, was examined, the internal solution containing 5 mM EGTA was used. Because the sensitivity to W I N55,212-2 was not different between 0.2 and 5 mM EGTA in the internal solution, data acquired with the two internal solutions were pooled. The internal solution with 5 mM EGTA was also used for the experiments on mouse cultured neurons (see Fig. 8 ). The electrode resistance ranged from 3 to 5 M⍀ when the pipette was filled with the solution.
A pair of neurons were whole-cell clamped with two different patch pipettes, and membrane potentials of both cells were held at Ϫ80 mV. The presynaptic neuron was stimulated by applying positive-voltage pulses (80 mV, 2 msec) at 0.2-1 Hz, and EPSC s or I PSC s were measured from the postsynaptic neuron with a patch-clamp amplifier (EPC -9/2; Heka Elektronik, Lambrecht / Pfalz, Germany). EPSC s were usually measured in the presence of 5-10 nM TTX to suppress spontaneous firing. I PSC s were measured in the presence of 1 mM kynurenic acid.
Induction of DSE and DSI. To induce DSE and DSI, the postsynaptic neuron was depolarized to 0 mV for the indicated duration (0.5-10 sec) unless otherwise noted. The magnitudes of depolarization-induced suppression were measured as the percentage of the mean amplitude of synaptic currents acquired between 4 and 18 sec after the end of depolarization relative to that acquired for 30 sec before the depolarization. The depression caused by drugs was estimated as the percentage of the mean amplitudes of 5-12 consecutive synaptic currents during drug application relative to that before application. Averaged data from different experiments are presented as mean Ϯ SEM.
CB1 receptor k nock-out mouse. CB1 receptor knock-out mice were generated as described previously (Z immer et al., 1999) . Briefly, the coding region of the CB1 gene was replaced between amino acids 32 and 448 with phosphoglycerate kinase-neo in embryonic stem cells. Chimeric mice derived from these cells were bred with C57BL /6J animals. Ho- mozygous mutant (CB1Ϫ/Ϫ) and wild-type (CB1ϩ/ϩ) mice were produced with heterozygous intermatings. In the present investigation, neonatal [postnatal day 1 (P1)] and juvenile (P9 -P12) mice of both sexes were used to prepare cultures and slices, respectively. Animals were housed in groups under standard laboratory conditions (12 hr light /dark cycle) with food and water available ad libitum.
Materials. W I N55,212-2, AM281, SR95531, C NQX, and APV were purchased from Tocris Cookson (Ballwin, MO). Other chemicals were purchased from Sigma (St. L ouis, MO). SR141716A was a generous gift from Sanofi Recherche (Montpellier, France). For the perf usion of solutions containing W I N55,212-2, AM281, or SR141716A, different tubes were used to avoid contamination.
RESULTS

Endocannabinoid-mediated DSE in the hippocampus
We first examined whether depolarization of the postsynaptic neuron can induce DSE in hippocampal slices from the rat. When a CA1 pyramidal neuron was depolarized for several seconds under the voltage-clamp mode, the subsequent EPSCs from the depolarized neuron were transiently suppressed. In a CA1 pyramidal neuron shown in Figure 1 , depolarization from Ϫ70 to Ϫ30 mV ( Fig. 1 Aa,b) or 0 mV ( Fig. 1 Ac,d) for 7 sec was effective at inducing DSE (Fig. 1 B) . Because the DSE in the cerebellum is shown to be mediated by endocannabinoids (Kreitzer and Regehr, 2001a; Maejima et al., 2001) , we subsequently examined whether a CB1 antagonist, SR141716A, could block DSE. In five neurons, a depolarizing voltage pulse (from Ϫ70 to 0 mV; 10 sec) was applied before and after addition of 5 M SR141716A. The depolarization induced a clear suppression of EPSCs in the normal external solution (Fig. 2 A) , whereas the same depolarization caused no significant change in the presence of SR141716A (Fig. 2 B) . These results clearly indicate that DSE in the hippocampus is also mediated by endocannabinoids that are released from depolarized postsynaptic neurons and suppress the excitatory transmission through activation of cannabinoid receptors, presumably CB1 receptors.
Excitatory transmission is less sensitive to postsynaptic depolarization
We then compared DSE and DSI in the slices from the same animals. As shown in Figure 3 , depolarization for 5 sec induced a marked suppression of IPSCs (DSI) (Fig. 3A) , whereas the same depolarization induced no significant DSE (Fig. 3B) . Although subsequent depolarization of a longer duration (10 sec) induced clear DSE (Fig. 3B) , it was still less prominent than the DSI induced by the 5 sec depolarization (Fig. 3A) . These results indicate that excitatory transmission is less sensitive to postsynaptic depolarization than inhibitory transmission.
One possible explanation for these quantitative differences is that the inhibitory presynaptic terminals might be more sensitive to endocannabinoids than the excitatory terminals. In the following experiments, we tested this possibility in cultured hippocampal neurons.
Excitatory presynaptic terminals are less sensitive to cannabinoids
We determined the cannabinoid sensitivities of excitatory and inhibitory synapses using neuron pairs with excitatory or inhibitory synaptic connections. In each pair, the effects of different concentrations of a cannabinoid agonist, WIN55,212-2, on EPSCs or IPSCs were examined. When WIN55,212-2 was applied at 1-1000 nM, the EPSC amplitude was decreased in a dose-dependent manner (Fig. 4 A) . The suppressing effect was reversed by a cannabinoid receptor antagonist, 0.3 M AM281 (n ϭ 8) or 0.3 M SR141716A (n ϭ 3), confirming that WIN55,212-2 acted on cannabinoid receptors. The concentration of WIN55,212-2 that reduced the EPSC amplitude by 50% was between 10 and 100 nM (Fig. 4 A) . Excitatory synapses were relatively homogeneous in terms of sensitivity to WIN55,212-2, and similar results were obtained in another seven pairs. In contrast, inhibitory synapses were heterogeneous and divided into two populations, those sensitive and those insensitive to WIN55,212-2, as reported previously (Ohno-Shosaku et al., 2001) . In one population, IPSCs were suppressed by nanomolar concentrations of WIN55,212-2 (Fig. 4 B) . The concentration of WIN55,212-2 that caused 50% inhibition was between 1 and 10 nM (Fig. 4 B) . In the other population, IPSCs were totally insensitive to WIN55,212-2, even at concentrations as high as 1000 nM (Fig. 4C) . Figure 5 summarizes data for the sensitivity to WIN55,212-2 of excitatory synapses and the two populations of inhibitory synapses. The WIN55,212-2 concentrations for 50% inhibition were ϳ60 nM for EPSCs and 2 nM for the WIN55,212-2-sensitive IPSCs, indicating that EPSCs are ϳ30-fold less sensitive than the WIN55,212-2-sensitive IPSCs (Fig. 5A ). In the presence of 100 nM WIN55,212-2, the EPSC amplitude was decreased to 23-60% of controls (38.7 Ϯ 5.3%; n ϭ 8) (Fig. 5B, closed circles) . In contrast, values for the WIN55,212-2-sensitive IPSCs were all Ͻ10% (1.7 Ϯ 0.8%; n ϭ 16) (Fig. 5B, open circles) , and those of the WIN55,212-2-insensitive IPSCs were all Ͼ90% (99.3 Ϯ 2.8%; n ϭ 8) (Fig. 5B, open triangles) . There was no overlap of individual data among these three populations. To test whether WIN55,212-2 causes presynaptic or postsynaptic change in excitatory transmission, we examined pairedpulse plasticity. The paired-pulse ratio of EPSC amplitudes was significantly increased by WIN55,212-2 (Fig. 6 A) . In the presence of 0.1 and 1 M WIN55,212-2, the EPSC amplitude decreased by 57 and 77% of controls, and the paired-pulse ratio increased by 34 and 44%, respectively (Fig. 6, closed circles) . A decrease in the probability of vesicular transmitter release from presynaptic terminals is generally accompanied by an increase in the pairedpulse ratio (Zucker, 1989) . Therefore, the present results indicate that WIN55,212-2 acts on cannabinoid receptors on excitatory presynaptic terminals and causes the suppression of transmitter release, which is in agreement with the previous study (Shen et al., 1996) . This mechanism is essentially identical to that for the action of WIN55,212-2 on inhibitory synapses (Katona et al., 1999; Hoffman and Lupica, 2000; Ohno-Shosaku et al., 2001 ). We also found that DSE is accompanied by clear increases in the paired-pulse ratio (Fig. 6 B,  open circles) , indicating that DSE is expressed presynaptically as a decrease in excitatory transmitter release.
Estimation of local cannabinoid levels during DSE and DSI
Subsequently, we attempted to estimate the local level of endocannabinoids during DSE and DSI as an equivalent concentration of WIN55,212-2. For this purpose, we measured magnitudes of DSI and DSE (Fig. 7 ) and compared them with those of suppressions induced by WIN55,212-2 (Fig. 5A) .
DSI was induced by depolarizations with pulse durations of 0.5, 1, 3, and 5 sec at WIN55,212-2-sensitive inhibitory synapses (Fig.  7A,C) . In a pair shown in Figure 7A , a 0.5 sec depolarization induced significant DSI, and a depolarization of a longer duration induced more prominent DSI. The averaged data show a clear dependence of the DSI magnitude on the depolarizing pulse duration (Fig. 7C, open circles) . DSE was induced by depolarizations with pulse durations of 1, 3, 5, and 10 sec in 14 pairs with excitatory connections (Fig. 7B,C) . In a pair exemplified in Figure  7B , depolarizing pulses with a duration of Ͼ3 sec induced a slight but significant decrease in EPSC amplitudes. The averaged data in Figure 7C show that the 5 sec depolarization of postsynaptic neurons suppressed the IPSC amplitude by 81% (Fig. 7C, open  circles) and the EPSC amplitude by 10% (Fig. 7C, closed circles) of control values. These magnitudes of suppression correspond to those for IPSCs and for EPSCs induced by ϳ5 nM WIN55,212-2 (Fig. 5A) . These results indicate that the local concentration of endocannabinoids around excitatory and inhibitory presynaptic terminals is estimated to reach a level equivalent to several nanomoles of WIN55,212-2 after postsynaptic depolarization for 5 sec. Thus, the quantitative difference between DSE and DSI can be explained by the difference in the cannabinoid sensitivity between excitatory and inhibitory synaptic terminals.
CB1 receptors are responsible for both DSI and DSE in the hippocampus
It was reported recently that both DSI and the WIN55,212-2-induced suppression of IPSCs are absent in hippocampal slices from CB1 knock-out (CB1Ϫ/Ϫ) mice (Varma et al., 2001; . We therefore examined whether CB1 receptors mediate the effects of cannabinoids on IPSCs in cultured mouse hippocampal neurons. In neurons prepared from wild-type mice (CB1ϩ/ϩ), DSI (Ͼ20% suppression after 5 sec depolarization) was observed in 11 of 25 neuron pairs. In such DSI-positive pairs, WIN55,212-2 (100 nM) was always effective and decreased the IPSC amplitude to 5.2 Ϯ 8.9% of controls (n ϭ 9). In contrast, neither DSI nor WIN55,212-2-induced suppression was observed in cultured neurons from CB1Ϫ/Ϫ mice. The IPSC amplitude after depolarization was 96.2 Ϯ 3.4% of controls (n ϭ 17), and the amplitude in the presence of 100 nM WIN55,212-2 was 108.4 Ϯ 7.5% (n ϭ 10). These results confirmed that CB1 receptors mediate DSI as well as effects of cannabinoids on inhibitory synapses in cultured hippocampal neurons.
We then examined whether CB1 receptors are also responsible for hippocampal DSE. In cultured neurons from CB1ϩ/ϩ mice, DSE was clearly induced by a 5 sec depolarization and was completely abolished after treatment with the cannabinoid antagonist AM281 (Fig. 8 A,C) . The EPSC amplitude was strongly suppressed after application of 100 nM WIN55,212-2 (Fig. 8 B,C) . In neurons from CB1Ϫ/Ϫ mice, however, neither depolarization nor WIN55,212-2 affected EPSCs (Fig. 8) . In some experiments, a longer depolarization (10 sec) and a higher dose of WIN55,212-2 (1 M) were tested. However, we could not detect any significant effects on EPSCs (n ϭ 5; data not shown). The GABA B agonist baclofen (10 M) effectively suppressed EPSCs of CB1Ϫ/Ϫ neurons (Fig. 8C) , indicating that other components required for G-protein-mediated presynaptic inhibition are intact. The involvement of CB1 receptors in DSE was also confirmed in slice preparations. The magnitudes of DSE after a 10 sec depolarization were 6.8 Ϯ 2.3% for CB1Ϫ/Ϫ (n ϭ 7) and 20.3 Ϯ 5.4% for CB1ϩ/ϩ (n ϭ 7) mice ( p Ͻ 0.05). These results indicate that DSE is mediated by CB1 receptors in the hippocampus.
DISCUSSION
In the present study, we report for the first time that DSE can be induced in the hippocampus. Both DSI and DSE were mediated by CB1 receptors, but DSE was less prominent and required longer depolarizations for induction than DSI. This quantitative difference can be explained by the difference in sensitivities to cannabinoids between excitatory and inhibitory synapses. Excitatory transmission was estimated to be ϳ30-fold less sensitive to cannabinoids than inhibitory transmission in cultured hippocampal neurons.
Cannabinoid sensitivities of excitatory and inhibitory synapses
Several previous studies show that WIN55,212-2 induces suppression of EPSCs in hippocampal cultures (Shen et al., 1996; Sullivan, 1999 ) and slices (Misner and Sullivan, 1999) . Conversely, other studies show that excitatory transmission in the hippocampus is not suppressed by WIN55,212-2 (Paton et al., 1998) or 2-AG (Stella et al., 1997) . One possible explanation for this discrepancy might be the difference in age of the animals used. Most of the studies showing no effect of cannabinoid agonists have been done with older animals. It is possible that cannabinoid modulation of excitatory transmission would be developmentally regulated, as reported recently (Al-Hayani and Davies, 2000). In our preliminary experiments, however, excitatory transmission was still sensitive to WIN55,212-2 in hippocampal slices from 5-week-old rats. Another possibility is that the discrepancy might derive from the difference in recording techniques. The groups reporting the positive effects of WIN55,212-2 applied the patchclamp technique to cultured neurons (Shen et al., 1996; Sullivan, 1999) or to neurons in slices that were presumably close to the surface (Misner and Sullivan, 1999) . Conversely, the groups reporting no effect of cannabinoid agonists measured field potentials (Stella et al., 1997; Paton et al., 1998 ) that primarily reflected the responses of neurons located in the depth of the slices. Because WIN55,212-2 and 2-AG are lipid in nature, they may not easily diffuse into slices. Thus, it is possible that their local levels around the synapses deep in the slices may have been too low to affect excitatory transmission.
A previous study on hippocampal DSI demonstrated that postsynaptic depolarization affected inhibitory but not excitatory transmission (Wagner and Alger, 1996) . The apparent discrepancy between the findings of Wagner and Alger (1996) and the present data may be attributable to the difference in the induction protocol. They used depolarization for 1 sec, which has now turned out to be too short. We found that depolarization with a duration of Ͼ7 sec was necessary to induce detectable DSE in slice preparations.
The reasons for the difference in sensitivity to cannabinoids between excitatory and inhibitory transmissions remain elusive. One possibility is that cannabinoid receptor subtypes on presynaptic terminals are different between excitatory and inhibitory synapses. A recent article reports that WIN55,212-2 still suppresses EPSCs in adult CB1Ϫ/Ϫ mice (Hajos et al., 2001) , suggesting an involvement of a novel subtype of cannabinoid receptors. In the present study, however, we could not detect any effects of WIN55,212-2 on either IPSCs or EPSCs in CB1Ϫ/Ϫ mice. Importantly, neither DSI nor DSE was induced in CB1Ϫ/Ϫ mice. We therefore conclude that the CB1 receptor mediates both DSI and DSE, at least in the juvenile animals used in the present study. It is possible, however, that the expression of the novel cannabinoid receptor subtype may be developmentally regulated and become functional in older animals. It is also possible that the CB1Ϫ/Ϫ mouse lines used by Hajos et al. (2001) and in the present study were constructed differently and might be on different backgrounds.
Another possibility for the difference in cannabinoid sensitivity between excitatory and inhibitory synapses is that CB1 receptors are expressed more densely at inhibitory presynaptic terminals than at excitatory ones. Anatomic studies support this possibility. In situ hybridization studies on rats (Matsuda et al., 1993) and mice (Marsicano and L utz, 1999) suggest that large and moderate amounts of CB1 mRNA are distributed in GABAergic and pyramidal cells, respectively. An immunocytochemical study shows an expression of CB1 receptors in hippocampal pyramidal cells (Pettit et al., 1998) . However, other immunocytochemical studies (Katona et al., 1999; Hajos et al., 2000) with a different antibody demonstrate that CB1 receptors are densely localized at subpopulations of GABAergic presynaptic terminals but are absent on glutamatergic neurons. These results suggest that the difference in cannabinoid sensitivity between excitatory and inhibitory transmissions is at least partly attributable to the difference in the amount of CB1 proteins at presynaptic terminals.
Possible physiological significance of DSI and DSE
What could be a functional role of DSI and DSE in the hippocampus? Previous studies show that endocannabinoids are synthesized "on demand" in stimulated neurons and released from them in a Ca 2ϩ -dependent manner Mechoulam et al., 1998; Piomelli et al., 2000) . We have shown that the postsynaptic elevations of [Ca 2ϩ ] i and DSI had similar time courses in cultured hippocampal neurons (Ohno-Shosaku et al., 2001) . Therefore, the amount of released endocannabinoids can directly reflect the activity of postsynaptic neurons and the resultant elevation of [Ca 2ϩ ] i . If endocannabinoids suppress excitatory and inhibitory inputs to the same extent, they will cause no change in the excitability of postsynaptic neurons. The present study, however, has revealed that excitatory and inhibitory synapses of the hippocampus have different sensitivities to cannabinoids. Whereas excitatory synapses were homogeneous and had moderate sensitivities to WIN55,212-2, inhibitory synapses were dichotomized into two distinct populations, one with a high sensitivity to WIN55,212-2 and the other with no sensitivity. Thus, endocannabinoids can control the balance between excitatory and inhibitory inputs, depending on the local concentration around synapses.
DSI can occur only at CB1-expressing synapses. One of the CB1-expressing neurons is a cholecystokinin (CCK)-containing basket cell (Katona et al., 1999) . In contrast, the other type of basket cell, which contains palvalbumin (PV) but not CCK , is devoid of CB1 receptors (Katona et al., 1999) . Both types of basket cells form perisomatic synapses on pyramidal neurons. These anatomic data suggest that DSI occurs selectively at CCK-containing but not PV-containing perisomatic synapses on pyramidal cells. In addition to these two types, a third type of inhibitory synapse has been characterized electrophysiologically ). This type is insensitive to cannabinoids, exhibits no DSI, and presumably originates in distal dendrites because of their slow rise and decay kinetics. This is essentially in agreement with the finding by Martin et al. (2001) that I PSC s can be classified into at least three types: DSI-susceptible I PSC with fast kinetics, DSI-resistant I PSC with fast kinetics, and DSI-resistant I PSC with slow kinetics. To understand the physiological roles of DSI, the heterogeneity of synapses has to be considered caref ully in terms of their CB1 expression and locations on pyramidal cells. In addition, it should be noted that the release of cotransmitters might also be modulated by endocannabinoids. The activation of CB1 receptors was found to suppress CCK release in the hippocampus (Beinfeld and Connolly, 2001) . If DSI also reduces the release of cotransmitters, DSI can influence neural activity by modulating both fast and slow synaptic events.
We have estimated the local cannabinoid concentration during DSI and DSE in cultured neurons. The magnitudes of DSI and DSE induced by a 5 sec depolarization corresponded to the suppressions induced by ϳ5 nM WIN55,212-2 for both IPSCs and EPSCs. These results suggest that at least in our culture system, the difference in the magnitudes of DSI and DSE is determined primarily by presynaptic cannabinoid sensitivities and not by the difference in the local cannabinoid level around presynaptic terminals. However, it should be noted that inputs, synaptic organization, and geometry of neurons may be altered in cultures from the nervous tissue in vivo. Regulation of DSI and DSE may be more complex in the brain. For example, postsynaptic depolarization may induce heterogeneous elevations of [Ca 2ϩ ] i within single neurons because of heterogeneous distributions of voltagegated Ca 2ϩ channels and Ca 2ϩ stores along the soma and dendrites. This may cause a heterogeneity of endocannabinoid concentration after depolarization. It is likely that relative contributions of DSE and DSI to neuronal excitability may depend on the geometry of the neuron and distribution of synapses. In addition, recent studies suggest that the activation of postsynaptic metabotropic glutamate receptors (mGluRs) enhances the depolarization-induced release of endocannabinoids (Varma et al., 2001; Ohno-Shosaku et al., 2002) . This finding suggests that cannabinoid-mediated modulation may also be influenced by the distribution of mGluRs in neurons.
In addition to the modulation of synaptic transmission, cannabinoid agonists have been reported to exert variable effects on neurons Felder and Glass, 1998) . These include inhibition of adenylate cyclase (Howlett and Fleming, 1984) , inhibition of voltage-gated Ca 2ϩ channels (Mackie and Hille, 1992; Mackie et al., 1995; Twitchell et al., 1997) , and activation of inwardly rectifying K ϩ channels (Mackie et al., 1995) . These effects can be produced by 1-100 nM WIN55,212-2. It is therefore likely that these effects can work in concert with DSI and DSE to regulate the net excitability of the postsynaptic neuron in vivo.
